The influence of stimulation on the healing-over of myocardial cells of the toad was investigated. The rate of sealing was markedly increased in beating muscles. This effect of stimulation on the healing process varied with the frequency of the stimulus and depended on the extracellular Ca concentration. Low sodium solutions increased the rate of sealing in stimulated muscles but not at rest. Some evidence is presented that the increased Ca influx which accompanies stimulation activates the reactions involved in the sealing process.
• The quick disappearance of the injury potential in cardiac muscle (healing-over) was explained by Engelmann (1) as the result of the establishment of new ionic barriers at the boundaries of the nondamaged cells.
Later studies of Weidmann (2) in Purkinje fibers showed that the membrane potential as well as the electrotonic potentials are practically unchanged near the cut end. These results seem to indicate that the sealed end can be regarded as having an extremely high resistance.
Calcium ions involved in the sealing 1 process in many cells (3) are also essential foi the creation of high resistance barriers in injured Purkinje fibers (4) and in myocardial fibers (5) even in the absence of electrical or mechanical activity. Considering the evidence presented by different authors (6, 7) that the From the Department of Pharmacology, Laboratory of Neurobiology, School of Medicine, University of Puerto Rico, San Juan, Puerto Rico 00905.
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Methods
Muscle strips about 4 mm long dissected from the ventricle of large specimens of the toad Bufo marinus were mounted vertically in a transparent cylindrical chamber in which solutions were withdrawn and introduced through the lower end. The preparations were pinned on a slab of Teflon, mounted inside the chamber, and injured by cutting a small fraction of the muscle fibers with the aid of a small automatic lancette. The delay between injuring the muscle and recording the potential difference was not more than 6 seconds. The injury potentials were recorded with the "roving" electrode technique (8) as described elsewhere (5) . A Ag/AgCl electrode was immersed well below the preparation, and a second electrode ending in a cotton wick was placed in contact with the upper portion of the muscle strip. The surface electrical potential of the preparation was scanned by permitting the saline solution to leave the chamber. In this way, the saline-air interface acted as a scanning electrode, recording the injury potential when it passed the cut surface. As previously described (5) , the presence of a film of saline solution between the two electrodes reduced the amplitude of the membrane resting potential to the value of the injury potential by the short circuit factor (r o /r o + r,), where r 0 is the outside and T| the inside longitudinal resistance per unit distance. The shunt was, however, practically
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constant. Absolute values of the injury potentials ranged between 4 and 10 mv, depending on the fraction of the cross-sectional area that was cut.
The potential differences were recorded with a pen writer, immediately after injury and then at 2-minute intervals. In this way, a curve showing the decay of the injury potentials as a function of time (rate of sealing) was obtained. The results are presented as percent of the maximal size of the injury potentials, taking the initial value recorded immediately after the lesion as 100%.
Solutions Stimulation.-The muscle strips were stimulated with the aid of bipolar Ag/AgCl agar electrodes connected to the upper portion of the preparation by cotton wicks. Rectangular pulses of current were delivered from an electronic stimulator through an isolation unit.
Spontaneous heart rate-After destruction of the central nervous system, the spontaneous heart rate of the toad, at room temperature, varied from 45 to 75 beats/min.
Results
Previous observations on quiescent strips of toad myocardium (5) showed that the injury potentials disappear completely in 10 to 12 minutes, and that this time is little affected by their initial amplitude.
The influence of stimulation on the process of healing was first investigated on muscles immersed in Ringer's solution. After dissection, the resting muscle was kept 10 to 15 minutes to allow the healing-over of injuries produced by dissection. The preparation was then scanned for any residual potential difference and a new injury was produced. The healing curve was then obtained while the muscle was maintained at the resting state. Then another lesion was made and the muscle was stimulated. Usually, the muscle was made to contract for 45 seconds before the moment of measuring the potential difference (see Methods).
When the preparations were injured and stimulated with the consequent contractions, the rate of healing was markedly increased ( Fig. 1 ). In this figure, A is the average healing curve from six resting muscles in Ringer's solution; B shows the average curve when the same preparations were stimulated at 0.75 cps. The time required for the complete disappearance of the injury potentials was reduced from 12 minutes, at rest, to about 6 minutes when the preparations were stimulated at 0.75 cps. A third lesion performed on the same muscle left at rest again required 10 to 12 minutes to heal.
Influence of tlw Frequency and Duration of Stimulation on Healing
Two procedures were used: (1) The muscle was scanned for the maximal potential difference immediately after the injury, and then monitored continuously. It was then made to contract for 20 seconds, at 0.45, 0.75 and 1.5 cps and the change on the amplitude of the injury potentials measured (Fig. 2 ). As seen in this figure, the injury potential was decreased by excitation of the noninjured fibers. After the contraction vanished, the potential difference was immediately reestablished, but its amplitude was then clearly reduced below the level expected if the preparation was kept at rest. On removing the stimuli, the rate at which the amplitude of the injury potentials fell was immediately reduced . 75 cps 1.5cps
FIGURE 2
Influence of the frequency of stimulation on the rate of healing of myocardial fibers, mip = maximal amplitude of the injury potential recorded immediately after the lesion, at rest. Upward deflections represent transient changes of the injury potentials caused by stimulation. Temperature, 25°C.
( Fig. 2 ) and remained far below the values recorded at rest. The decrement of the injury potential is roughly proportional to the rate of stimulation. With such a procedure it became possible to determine the average reduction in size of the potential difference per beat. Measurements performed on muscles stimulated at 1.5 cps and kept in Ringer's solution showed a value of 0.5% ( S E ± 0 . 7 ) of the potential difference measured just at the end of the resting period. This number represents the average value from 12 experiments. (2) In the second procedure, the maximal reduction in size of the potential difference was measured at different moments of the healing curve as described before. The results from eight muscles soaked in Ringer's solution indicated that at 0.75 cps a total disappearance of the injury potentials occurred in about 6 (SE± 1) minutes after the lesion. At 1.5 cps the effect of stimulation on the rate of sealing was even more drastic, abolishing the injury potentials in about 4 ( S E ± 0 . 2 ) minutes.
Considering that in quiescent muscles the healing process was complete in about 10 minutes, the results obtained with 0.75 and 1.5 cps represent an increment of 40% and 60%, respectively, in the rate of sealing.
Since a small fraction of the total injury potential was recovered per beat, the duration of the stimulation must also determine the maximal fall in the amplitude of the potential difference observed. So, when the muscles CircuUtio* Rtsttrcb, Vol. XXVI, April 1970 were stimulated at 1.5 cps for periods varying from 5 to 60 seconds and the amplitude of the injury potential was recorded immediately after the stimuli were discontinued, the results obtained showed that the magnitude of this effect was proportional to the duration of the stimulation period. Table 1 presents the average results from 12 experiments performed in Ringer's solution. As can be noticed, a fall of 13% (SE ± 1.5) in the amplitude of the injury potential was obtained on muscles stimulated, in the initial part of the curve for 5 seconds; when the stimulation period was prolonged to 15 and 60 seconds, the reduction in size of the potential difference was 37% and 68%, respectively.
PosHtlmulatlon Changes In the Rat* of Htallng
To investigate the reversibility of the effect of stimulation on healing, the injury potentials were measured during activity and after the stimulation was stopped. Preparations in Ringer's solution stimulated at 1.5 cps for 45 seconds immediately after the injury showed a marked reduction in amplitude of the injury potential ( Fig. 3 ). Removal of the stimuli was followed by an immediate decrease of the rate of sealing to the value usually observed in quiescent muscles. As seen in Figure 3 , a, the fibers were completely sealed in 12 minutes.
If the stimuli were delivered beyond the first minute after the injury, the poststimulation behavior of the sealing process was different. Stimulation for 45 seconds between the first and the second minute, for example, 
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Poststimulation changes on the amplitude of the injury potentials recorded from preparations immersed in Ringer's solution. Arrows indicate the moment stimuli were applied. Line a was obtained from muscles stimulated immediately after injury. On removing the stimulus (first minute) the rate of sealing returned to its usual rate at rest. Line b shows muscles stimulated (1.5 cps) for 45 seconds from the first to the second minute after the lesion when the stimulus was suppressed. Observe the transient increase in size of the injury potentials after the removal of stimulus. Line c shows muscles stimulated (1.5 cps) for 45 seconds from the second to the third minute after injury. After removal of the stimulus (at the third minute) note the rebound of the injury potential. Each curve represents the average from six muscles. Vertical line same as in Figure 1 . Temperature, 25° C. (Fig. 3, b ) produced a salient reduction in the size of the potential differences; however, on withdrawing the stimulus, the amplitude of the injury potentials increased at a slow rate during the following 2 minutes (rebound of the injury potential) reaching a maximal value at the fourth minute. At this time the amplitude of the injury potentials declined spontaneously but at lower rate than that observed in the quiescent muscle. As shown in Figure 3 ,b, the total abolition of the injury potentials was not observed even 16 minutes after the lesion. Similar results, including the rebound of the injury potential, were obtained in the poststimulation period when the muscles were stimulated for the same period of time between the second and the third minute after the injury (Fig. 3,c) . These results indicate that variation in the aftereffects of stimulation on healing depend on the moment on the healing curve that the muscles were stimulated and that a partial and transient failure of the sealing process followed by a prolonged depression can be produced.
Effect of ICo]o on the Poststimulation Changes of Healing
Since the results just described might be due to a different susceptibility of the various stages of the healing process to the change of internal [Ca] produced by stimulation, experiments were performed on muscles kept in low (1 HIM) or high (4 HIM) [Ca] 0 solutions. After resting 25 minutes in the test solution, the muscle was injured and the rate of sealing was measured while keeping the preparation in the same medium.
With low [Ca] 0 solutions (1 mxi), the changes in the injury potential after removal of the stimulus were independent of the moment the contractions were elicited (Fig.  4) . Therefore, the removal of the stimulus was followed by a reduction in the rate of healing Aftereffects of stimulation on injury potentials recorded from muscles immersed in solutions containing 1 mM Ca. Lines a, b and c were obtained by procedure described in Figure 3 . Arrows, the same as in Figure 3 . No rebound of the injury potential was observed after the removal of stimulus. Each curve represents the average from six muscles. Vertical lines are same as in Figure 1 . Temperature, 25°C. Aftereffects of stimulation on potential differences recorded from muscles immersed in solutions containing 4 mM Ca. Lines a, b and c were obtained by procedure described in Figure 3 . A transient increase in the size of the injury potential was observed in all curves after the stimulus withdrawal. Each curve is the average from six muscles. Arrows same as in Figure 3 . Vertical lines, the same as in Figure 1 for the sealing process. Note that at 1 [Ca] 0 no rebound of the injury potential was observed (Fig. 4) . On muscles kept in saline solutions containing 4 mil [Ca] 0 the following results were obtained: (1) when the stimuli were withdrawn, the amplitude of the injury potentials increased independently of the moment the muscle was stimulated ( Fig. 5 ; each curve is average from six muscles); (2) the rebound of the injury potentials was larger on muscles stimulated beyond the first minute after the lesion; (3) sealing after the rebound of the injury potentials was decreased. Indeed, 16 minutes after the lesion, 5 to lOifc of the initial potential difference was still present. Although a complete interpretation of these findings is not possible at the moment, the results suggest that [Ca] is involved in the phenomenon of rebound of the injury potentials described above.
Further Observations on the Role of [Co] in th« Rate of Sealing In Beating Muscles
Evidence indicates that [Ca] is essential for the healing process in Purkinje fibers (4) and in myocardial fibers (5) kept at the resting state. No information is available on the possible role of [Ca] on healing in beating muscles.
According to Niedergerke's observations (7) , the increase in [Ca] influx in beating ventricular fibers of the frog was about 3 moles/liter/beat, that is, 10 to 20 times larger than the resting flux. It is quite possible, indeed, that the calcium that moves into the cell when the membrane is depolarized plays an important role in the sealing process. Since the uptake of [Ca] associated with stimulation is greater on raising [Ca] 0 (6, 7), it would be interesting to investigate the effect of stimulation on the healing of muscles immersed in solutions containing different concentrations of calcium. Considering the lack of knowledge about the factors involved in the reactions of healing, it was decided to study the influence of [Ca] at the very beginning of the sealing process when the number of unknown variables is probably smaller.
Measurements of the maximal amplitude of the injury potentials were made immediately after the injury was produced, 30 seconds, 1 minute, VA minutes, and 2 minutes later. The initial velocity of healing was determined by drawing a tangent at the origin of the curves. The muscles were soaked in the test solution for 25 minutes and kept in the same medium throughout the experiment. Figure 6 shows the influence of [Ca] 0 on the initial velocity of healing (v). As can be noticed, the initial velocity of healing rises with [Ca] 0 reaching a steady value between 2 and 4 min. A linear relation between initial velocity of healing and [Ca] 0 holds approximately over a limited range of [Ca] 0 (between 0.5 and 1 mM).
When the muscles were made to contract at 1.5 cps the initial velocity of healing was markedly increased but the magnitude of the effect was largely dependent on [Ca] 0 ( Changes in the initial velocity of healing caused by stimulation at different [Ca] a concentrations. A = average result from six quiescent muscles immersed in test solutions for 25 minutes before the injury and kept in the medium throughout the experiment. B = average values obtained from same muscle strips stimulated at 1.5 cps. C = average curve obtained from six preparations immersed in solutions containing 73% Na and 25% Li and stimulated at 1.5 cps. Vertical lines = standard error of the mean. Ordinate = arbitrary units. Temperature, 25°C. 
CircuUtion Rtsurcb, Vol. XXVI, April 1970

STIMULATION OF VENTRICLE AND HEALING
487
11.6 ( ± 0.2) (5) 11.4 (± 0.5) The concentration of K*, Cl", HiPO^, HPO 1^ the same as in Ringer's solution; temperature, 25 C C. 6, B). As shown, at 0.5 mM Ca the effect of stimulation on healing was negligible. At 1 mM the effect was already evident but became conspicuous at 2 mM when a 60% increase in the initial velocity of healing was observed. With solutions containing 4 mM Ca, the effect of stimulation was still more pronounced, reaching 80$ of the value at rest. The relationship between [Ca] 0 and the initial velocity of healing in these experiments was linear in the range from 0.5 to 1.5 or 2 mM, broader than the one observed at rest.
These results indicate that [Ca] is required for an increased rate of sealing observed in stimulated muscles.
Influence of [No]o on the Roto of Sealing
The strength of contraction in the frog's heart is determined by the ratio of calcium concentration to the square of the sodium concentration in the external solution (9) . Measurements of the [Ca] fluxes in frog ventricular muscle also indicated that the uptake of Ca 45 was increased in muscles immersed in low [Na] 0 solutions (7) .
On the basis of this information, it seemed important to investigate the influence of stimulation on the sealing process in muscles kept in low [Na] 0 solutions.
In quiescent muscles treated with Na-free choline solutions (plus atropine sulfate 10~5 w/v) but keeping [Ca] 0 at 2 mM, no change in the rate of healing was observed, compared with the results obtained in Ringer's solution Influence of the external Na concentration on the rate of sealing measured in beating muscles immersed in solutions containing 1 nun [Ca] . A -average results from five beating muscles (1.5 cps) in solutions containing 124 mM [Na] . B = obtained from the same muscles immersed in low Na solutions (Na, 75%; Li, 25%). Vertical lines are same as in Figure 1 . Temperature, 25°C.
(see Table 2 ). Measurements of the rate of sealing performed on stimulated muscles (1.5 cps) kept in saline solutions containing 75%
[Na] 0 and 25% [Li] 0 , at different values of [Ca] 0 , showed a marked increase in the initial velocity of healing (see Fig. 6 , compare C and B). Similar results were obtained from muscles soaked in solutions containing 1 mM [Ca] 0 in presence of 100% and 75% [Na] 0 . Figure 7 (A) shows the influence of stimulation (1.5 cps) on the rate of healing in five muscles immersed in solutions containing 124 mM [Na]. Ten minutes after the lesion, about 30% of the initial potential difference was still present. When the external sodium concentration was reduced to 75% at the expense of lithium, a complete disappearance of the injury potentials was observed at the end of 9 minutes (see Fig. 7, B) .
The depolarization of the muscle cell membrane determines both the entrance of calcium into the cell and its release from the sarcoplasmic reticulum (10) . In heart muscle of lower vertebrates, however, the sarcoplasmic reticulum appears to be poorly organized (7, 11) . In these muscles an increased influx of calcium through the cell surface membrane may be the main factor involved in the activation of the contractile process.
The results described above show that the sealing process in myocardial fibers is markedly accelerated by stimulation, and also that the increase in the rate of healing depends largely on the extracellular calcium concentration. A reduction of the extracellular sodium concentration or an increment of the rate of stimulation, factors which have been shown to increase calcium uptake by myocardial cells (6, 7) , also caused an increase in the rate of sealing.
These results suggest, therefore, that the effect of stimulation on the healing process is related to an increased calcium uptake by the noninjured fibers. If this interpretation is correct, it would be important to know the extent to which the spread of injury currents change the membrane potential of cells adjacent to the lesion. Measurements of transmembrane resting potential performed with intracellular microelectrodes during the first minute after injury showed that at 30/u, from the cut end the resting potential was of only 40 to 45 mv; at 180/x, values of 60 to 65 mv were found; and at 510/A, the fibers were only slightly depolarized (70 to 75 mv). In the cells 180/A away from the lesion, propagated action potentials could be elicited. Since in beating muscles the permeability barrier which effectively insulates the intact tissue is probably established in the immediate vicinity of the lesion (De Mello et al., unpublished observations), one can assume that the increased calcium uptake by cells at a distance of only 180)U. can reach the cut end or somehow influence the rate of the sealing process.
An alternative explanation of the effects of stimulation on healing over was suggested to us by Dr. Silvio Weidmann. He pointed out that the stirring of the solution near the cut end, caused by the contractions, might accelerate the sealing process by increasing the turnover of ions between the solution and the outer surface of the cut end.
Preliminary experiments in our laboratory have indicated, however, that the stirring of the solution near a superficial lesion does not change the rate of sealing in quiescent muscle strips (unpublished observations).
The absence of rebound of the injury potential when stimuli were withdrawn in muscles immersed in low-calcium (1 HIM) solutions (but containing 124 mM of Na + ) suggests that calcium is also involved in the process.
Work is in process in an attempt to elucidate the more intimate relationship between excitation and the sealing process in cardiac muscle.
